INTRODUCTION
Huntington's disease (HD) is a dominantly inherited progressive neurodegenerative disease caused by an abnormal cytosine-adenine-guanine (CAG) repeat expansion in the huntingtin (htt) gene. The disease is characterized by progressive motor impairment, personality changes, psychiatric illness and gradual intellectual decline, leading to death 15-20 years after onset. Neuropathologic analysis shows a preferential and progressive loss of the medium spiny neurons (MSNs) in the striatum, as well as cortical atrophy, and degeneration of other brain regions later in the disease (1) . There is as yet no cure for this disorder and no therapy to delay the onset of symptoms. The most extensively studied transgenic mouse model of HD are the R6/2 mice, which express exon-1 of the human htt gene and initially show behavioral and motor deficits at 6 weeks after birth. The mice subsequently develop clasping, weight loss, diabetes and reduced life span of 10-13 weeks (2).
Transcriptional dysregulation, protein aggregation, mitochondrial dysfunction and enhanced oxidative stress have been implicated in the disease pathogenesis. A critical role of peroxisome proliferator-activated receptor (PPAR)-gcoactivator 1a (PGC-1a), a transcriptional master co-regulator of mitochondrial biogenesis, metabolism and antioxidant defenses, has been identified in HD. Interest in the role of PGC-1a in HD pathogenesis initially came from studies of PGC-1a knockout mice (PGC-1a KO), that display neurodegeneration in the striatum, which is also the brain region most affected in HD (3, 4) . PGC-1a plays a role in the suppression of oxidative stress and it also induces mitochondrial uncoupling proteins and antioxidant enzymes, including copper/zinc superoxide dismutase (SOD1), manganese SOD (SOD2) and glutathione peroxidase (Gpx-1) (5). Oxidative damage is a well-characterized feature which is documented in plasma of HD patients, HD postmortem brain tissue and in HD transgenic mice (6, 7) . * To whom correspondence should be addressed at: Department of Neurology and Neuroscience, Weill Medical College of Cornell University, 525 East 68th Street, A-501 or F610, New York, NY 10065, USA. Tel: +1 2127466575; Fax: +1 2127468532; Email: asj2002@med.cornell.edu (A.J.) or fbeal @med.cornell.edu (M.F.B.) Using striata from human HD patients, striata from HD knock-in mice and the STHdhQ111 cell-based HD model, Cui et al. (8) showed marked reductions in mRNA expression of PGC-1a, and interference of mutant htt with the CREB/ TAF4 complex was shown to be instrumental in this reduction. Down-regulation of PGC-1a significantly worsened the behavioral and neuropathologic abnormalities in a PGC-1a knock-out HD knock-in mouse model (PGC-1a KO/KI). Administration of a lentiviral vector expressing PGC-1a into the striatum of R6/2 mice was neuroprotective in that it increased the mean neuronal volume of MSNs (8) . Caudate nucleus microarray expression data from human HD patients showed significant reductions in 24 out of 26 PGC-1a target genes (9) . These authors also found reduced PGC-1a mRNA expression in striata of the N171-82Q transgenic mouse model of HD.
We subsequently carried out studies, which showed that the ability to upregulate PGC-1a in response to an energetic stress, produced by administration of the creatine analog, guanidinopropionic acid (GPA), was markedly impaired in HD transgenic mice (10, 11) . PGC-1a plays a critical role in mitochondrial biogenesis in muscle and in influencing whether muscle contains slow-twitch oxidative or fast-twitch glycolytic fibers (12) . Impaired generation of ATP in muscle and a myopathy occurs in gene-positive individuals at risk for HD, HD patients and HD transgenic mice (13) (14) (15) . We observed impaired PGC-1a activity in muscle of HD transgenic mice and in myoblasts and muscle biopsies from HD patients (10) . We also showed a pathologic grade-dependent, significant reduction in numbers of mitochondria in striatal spiny neurons, which correlated with reductions in PGC-1a and the mitochondrial transcription factor a (Tfam) (16) . Sequence variation in the PGC-1a gene modifies the age of onset of HD (17, 18) . Stimulation of extra-synaptic N-methyl-D-aspartate receptors, which is detrimental, impairs the PGC-1a cascade in HD mice (19) . Impaired PGC-1a was shown to correlate with lipid accumulation in brown adipose tissue (BAT) of HD transgenic mice (20) . These findings in concert strongly implicate reduced expression of PGC-1a in HD pathogenesis. If impaired PGC-1a transcriptional activity plays an important role in HD pathogenesis, then pharmacologic agents which increase its levels and activity should be beneficial.
Recently, the administration of the pan-PPAR agonist, bezafibrate, was shown to increase PGC-1a expression, mitochondrial DNA and ATP levels and also shown to increase life span and delay myopathy in a COX-10 subunit-deficient mouse model of mitochondrial myopathy (21) . Bezafibrate enhances lipid metabolism and was shown to correct defects in oxidative phosphorylation in fibroblasts and/or myoblasts from patients with mitochondrial disorders (22, 23) . Bezafibrate is an effective cholesterol-lowering drug which is used to lower cholesterol and triglycerides and increase high-density lipoprotein. The PPARs are a subfamily of nuclear receptors, which are ligand-modulated transcription factors that regulate gene-expression programs of metabolic pathways. PPAR agonists increase oxidative phosphorylation capacity in mouse and human cells (23) (24) (25) and enhance mitochondrial biogenesis. Bezafibrate was shown to correct respiratory impairments in vitro (23), but has not been previously studied in HD. Since HD transgenic mice show reduced levels of PGC-1a and its downstream target genes, we examined whether bezafibrate treatment would increase PGC-1a expression and mitochondrial biogenesis and thereby result in improved phenotype, improved survival and reduced brain, muscle and BAT pathology in HD mice.
RESULTS
Bezafibrate induces a battery of genes in the PGC-1a signaling pathway
We utilized R6/2 mice with an N-terminal genomic fragment containing exon 1 with 130 CAG repeats (2). R6/2 mice and their wild-type littermates were raised on a diet containing 0.5% bezafibrate or standard chow, starting right after weaning. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis revealed that both the full-length (FL) and N-truncated (NT) isoforms of PGC-1a are downregulated in R6/2 mice brain, muscle and BAT compared with their wild-type littermates (Fig. 1A-C) . Both FL-and NT-PGC-1a isoforms were significantly induced in the brain and peripheral tissues of R6/2 mice that were fed the bezafibrate diet and their levels were not significantly different from those of the wild-type controls. The ability of PGC-1a to activate a diverse set of metabolic programs in different tissues depends on its ability to form heteromeric complexes with a variety of transcription factors, including nuclear respiratory factor-1 (NRF-1) and PPARs. PPAR-a and PPAR-g are co-activated with PGC-1a in a positive feedback loop and regulate glucose metabolism, fatty acid oxidation and mitochondrial biogenesis (24, 26) . The mRNA expression levels of the three isoforms of PPARs (a, g and d) and that of Cytochrome c (Cyt c), Tfam and ATP synthase were lower in the R6/2 brain, muscle and BAT when compared with their wild-type littermates; however, levels of NRF-1 were unchanged in brain and BAT. Bezafibrate administration restored the mRNA levels of PGC-1a and PPARs, downstream targets of PGC-1a, Cyt c and Tfam and ATP synthase in brain, muscle and BAT of R6/2 mice (Fig. 1) .
Concomitant with the stimulation of expression of genes involved in mitochondrial energy production, PGC-1a also induces genes responsible for countering reactive oxygen species (ROS) generated as by-products of oxidative metabolism (5, 27) . In R6/2 brains, we found that genes responsive to ROS, such as hemoxygenase-1 (HO-1), nuclear factor (erythroid-derived 2)-like 2 (Nrf-2) and Gpx-1 were significantly downregulated, and bezafibrate restored the levels of these genes to control levels in the R6/2 mice (Fig. 1A) .
Improved phenotype and survival in R6/2 mice treated with bezafibrate
To assess muscle strength, we tested the R6/2 mice and their wild-type littermates on the grip strength test (Fig. 2A) . As reported previously, R6/2 mice showed a robust deterioration of their grip strength as they aged, compared with their wildtype littermates with differences being significant at 8, 10 and 12 weeks of age (28) . Bezafibrate-treated R6/2 mice showed an increase in grip strength (up to 2-fold) compared with the untreated R6/2 mice ( Fig. 2A) . To further assess motor Human Molecular Genetics, 2012, Vol. 21, No. 5 1125 function, general activity and exploration, we tested mice in the open field test. R6/2 transgenic mice were significantly hypoactive, as measured by the total distance covered, and in the bezafibrate-treated R6/2 group, a significant amelioration of the deficit was seen. The total distance covered was significantly greater in the treated group than in the R6/2 mice on a standard diet (Fig. 2B) . Motor coordination was assessed by performance on an accelerated rotarod apparatus.
Latency to fall was recorded for three trials per weekly assessment and scores were averaged (Fig. 2C) . Consistent with previous literature, R6/2 mice showed progressive, robust deficits on rotarod, with a significantly reduced latency to fall starting at 6 weeks of age (28) . Bezafibrate-treated mice remained on the rotarod longer than the untreated R6/2 mice, indicating better motor coordination in the treated mice (Fig. 2C) . 
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Human Molecular Genetics, 2012, Vol. 21, No. 5 R6/2 mice normally die prematurely when compared with their wild-type littermates, between the age of 70 and 91 days (2) . Symptomatic mice approaching the disease end-stage were examined twice daily (morning and late afternoon) to assess when they reached end-stage of the disease, as assessed by the righting reflex or failure to eat moistened chow placed beside mice over a 24 h period (29, 30) . At this point, mice were euthanized by CO 2 inhalation. This day was recorded as time of death of the mice. Figure 2D shows a KaplanMeier plot of the survival of R6/2 mice. In our hands, the R6/2 mice survived to 77 -88 days of age, and the longest living mouse died at 90 days of age (mean ¼ 84 + 1.2 days). Bezafibrate-treated R6/2 mice lived 20% longer than the R6/2 mice on a standard diet (mean ¼ 102 + 3.2 days) ( Fig. 2D and E).
Bezafibrate rescues neuropathologic features in R6/2 mice
The neuropathologic features of HD are general atrophy of the brain, with losses of projection neurons in the deeper layers of the cortex and calbindin-immunoreactive MSNs in the caudate-putamen (1). We performed a stereological analysis of calbindin-immunoreactive medium spiny neuronal perikarya in the striatum of 12-week-old R6/2 mice. Consistent with other studies, we found a reduction of neuron size in R6/2 mice when compared with wild-type controls ( Fig. 3A ) (29) . Induction of PGC-1a expression by bezafibrate treatment was accompanied by increases in the calbindin-positive neuron area in the R6/2 mice ( Fig. 3A and B) .
We further examined the striatum of R6/2 mice treated with bezafibrate and those on standard diet at the ultrastructural level. We observed several apoptotic neurons with condensed cytoplasm and abnormal nuclear shape showing margination and condensation of chromatin (Fig. 3Ca,b) . Enlarged extracellular spaces, cytoplasmic vacuoles and lysosome-like dense bodies were also noted. Moreover, degenerated or degenerating mitochondria could also be seen. Ultrastructural abnormalities in the brains of HD mice have previously been noted, including the presence of dark neurons and abnormally shaped nuclei (31, 32) . In the bezafibrate-treated R6/2 mice, amelioration of these abnormalities was noted. In particular, in the striata from bezafibrate-treated R6/2 mice, the cytoplasm of the neurons is preserved, and the axonal and dendritic profiles in the neuropil are relatively intact (Fig. 3Cc,d ). We also measured mitochondrial density. For this purpose, the intact mitochondria count per cell was noted and divided by the area of the cytoplasm, yielding the mitochondrial density (Table 1) . Several neurons were counted per animal, and a group average is presented in Table 1 . A significant increase in numbers of mitochondria in the striata of bezafibrate-treated R6/2 mice was seen, when compared with the R6/2 mice on standard chow. Glial fibrillary acidic protein (GFAP) immunostaining identifies reactive gliosis, an early marker of CNS damage in HD (33) . We compared GFAP staining in the striatum of bezafibrate-treated and untreated wild-type and R6/2 mice (Fig. 4) . Compared with age-matched wild-type mice striatum, the striatum of R6/2 mice showed a remarkable increase in GFAP immunoreactivity, indicated by intense labeling throughout astroglial cell bodies and their fibrous processes and the presence of hypertrophied astrocytes (inset). An amelioration of astrogliosis was observed in striata of R6/2 mice treated with bezafibrate (Fig. 4) .
Evidence for amelioration of oxidative stress in R6/2 mice treated with bezafibrate
In HD, the generation of ROS and the resulting oxidative stress are implicated in the neurodegeneration and neuronal death (34; reviewed in 35). Postmortem human HD brain The presence of large cytoplasmic vacuoles (bold arrow) and lysosome-like dense bodies is also noted. Degenerated mitochondria (light arrow) and lot of empty spaces can also be seen. c, d: In striata from bezafibrate-treated R6/2 mice, the cytoplasm of the neuron is preserved and the axonal and dendritic profiles in the neuropil are relatively intact. Scale bars, 2 mm. Magnification 10 000×. (34) . We observed increased immunoreactivity for MDA in R6/2 striatum, which was ameliorated by the bezafibrate diet (Fig. 5A) . Consonant with the immunohistochemical data, high-performance liquid chromatography (HPLC) analysis also revealed elevated levels of MDA in R6/2 brains which were significantly reduced with bezafibrate treatment (Fig. 5B) .
Bezafibrate prevents the fiber-type switching and structural abnormalities in muscle
Muscle fibers can be classified as 'slow-twitch' fatigue-resistant fibers, which are dependent on PGC-1a and contain numerous mitochondria and use oxidative phosphorylation to generate ATP (type I and IIA fibers), and 'fast-twitch fatiguable' fibers (type IIX and IIB fibers), which have few mitochondria and which utilize glycolysis to generate ATP (12) . PGC-1a levels are normally high in muscle enriched with type I fibers, such as the soleus muscle, and very low in type II fiber-rich muscles such as the extensor digitorum longus and the gastrocnemius (12) . We examined the soleus muscle of R6/2 mice and their wild-type littermates for fiber typing using myosin heavy chain (MHC) immunostaining ( Fig. 6A and B) . For MHC staining, commercial antibodies to fast and slow isoforms of myosin were used, each with a different visualization system for specific identification of each fiber type on the same section. Results were visualized as dark immunoreactive black type I fibers; granular, pinkish gray type IIA; and light pink type IIB fibers (Fig. 6A) . Quantitation of the MHC immunostaining revealed a significant decrease in type I fibers, and an increase in type II fibers in the soleus muscle of R6/2 mice, consistent with the reduced expression of PGC-1a. A reversal of this fiber-type switching was seen in R6/2 mice on the bezafibrate diet, with the type I and II fibers returning back to normal levels seen in wild-type mice (Fig. 6B) . We also performed succinate dehydrogenase (SDH) histochemistry. The intensity of SDH staining correlates with the mitochondrial activity and therefore with the fiber type ( Fig. 6C and D) . Typically, the type I fibers are enriched in mitochondria, whereas type IIB fibers have fewer mitochondria; therefore, type I fibers stain darker, whereas type IIB stain lightly for SDH. There was reduced SDH staining in the soleus of R6/2 mice on a standard diet, consistent with the reduced number of mitochondria. A significant increase in SDH staining was observed with bezafibrate treatment, which indicated an enrichment of mitochondria-abundant type I fibers (Fig. 6C and D) . These results confirm the findings seen with myosin immunostaining described above.
We carried out further studies to determine the effects of bezafibrate on mitochondrial area and mitochondrial number using electron microscopy. In wild-type mice, mitochondria are uniform in size and align regularly along the Z-lines (Fig. 6E and Supplementary Material, Fig. S1 ), whereas in the R6/2 mice, the mitochondria are irregular in shape and poorly aligned. Similarly, PGC-1a-deficient mice show fewer and smaller mitochondria in soleus muscle (7) . In the R6/2 mice treated with bezafibrate, mitochondria appeared to be of normal shape and their arrangement along the Z-lines was restored to normal (Fig. 6E) .
Bezafibrate attenuated apparent vacuolization in the BAT of R6/2 mice
Using other mouse models of HD (N171-82Q and NLS-N171-82Q HD mice), we and others previously reported that HD mice have an impaired response to cold temperature, i.e. defective adaptive thermogenesis (9, 11) . In rodents, BAT is the principal tissue that mediates the adaptive thermogenesis and is distinguished from white fat by its high degree of vascularization and mitochondrial density (36) . PGC-1a is expressed in BAT and is a key mediator of adaptive thermogenesis by activating uncoupling protein 1 (37) . As seen with the other HD mice models, the H&E staining of BAT from the R6/2 mice showed marked reductions in cell density and nuclei numbers and increased apparent vacuolization when compared with wild-type mice (Fig. 7) . The white-fat-like appearance of BAT was due to accumulation of neutral lipids as revealed by Oil red O staining (Fig. 7,  inset) . Bezafibrate reduced the apparent vacuolization in the BAT of the R6/2 transgenic mice when compared with R6/2 mice fed a standard diet, and reduced Oil red O staining was also observed, which was the cause of the vacuolated appearance (Fig. 7) . 
DISCUSSION
A number of bioenergetic and metabolic impairments are known to occur in HD patients: (1) increased lactate production in cerebral cortex and basal ganglia; (2) reduced phosphocreatine-to-inorganic phosphate ratio in resting muscle, the extent of which correlates with CAG repeat expansion length, and which is exacerbated after exercise; (3) abnormal mitochondrial membrane depolarization in lymphoblasts; (4) impaired complex II, III and IV activity of the mitochondrial oxidative phosphorylation pathway and reduced aconitase activity in the basal ganglia; (5) abnormal ultrastructure of mitochondria in cortical biopsies obtained from patients with both juvenile and adult-onset HD; and (6) pathologic grade-dependent reductions in numbers of mitochondria (16; reviewed in 38). We showed that the phenotypic and neuropathologic features of HD can be modeled in rodents and primates, with the mitochondrial toxin 3-nitropropionic acid (39, 40) . Impaired expression and/or function of PGC-1a, the master co-regulator of mitochondrial biogenesis, has been implicated in the pathogenesis of several neurodegenerative disorders, including Parkinson's disease, Alzheimer's disease, Friedreich's ataxia and HD. A link of the transcriptional co-activator PGC-1a to HD pathogenesis was first suggested by observations in PGC-1a-deficient mice (3, 4) . PGC-1a KO exhibit impaired mitochondrial function, a hyperkinetic movement disorder and striatal degeneration, all features also observed in HD (3, 4) . Furthermore, impaired PGC-1a function and levels occur in striatal cell lines, transgenic mouse models of HD and in postmortem brain tissue from HD patients (8, 9) . Recent studies showed that expression of mutant htt in primary oligodendrocytes results in decreased expression of PGC-1a, and decreased expression of myelin (48 000×). An altered morphology, number and alignment of mitochondria (black arrow) along the Z-lines can be seen in R6/2 mice under basal conditions (b, e, f). Structures resembling an autophagosome may also be noted (black arrowhead). Mitochondria are well organized and appear to be of normal shape and number in soleus muscle of R6/2 mice treated with bezafibrate (c, g).
basic protein (MBP) and deficient myelination were found in the R6/2 mouse model of HD (41) . A decrease in MBP and deficient postnatal myelination occurs in the striatum of PGC-1a KO (41) . In accordance with earlier studies, we show here that the PGC-1a signaling pathway is downregulated in the brain, muscle and BAT of R6/2 HD mice. We also found spongiform lesions in R6/2 striatum, along with the presence of astrogliosis, which is similar to observations made in PGC-1a-deficient mice (3, 4) . The neuropathologic observation of spongiform degeneration is of interest, because similar lesions occur in MnSOD null mice (42) , and PGC-1a plays an important role in controlling expression of MnSOD (5) .
In the present study, we found that the impairment of PGC-1a pathway can be reversed in brain, muscle and BAT from R6/2 HD mice, using the PPAR-panagonist, bezafibrate, which was previously shown to be effective in increasing life span and delaying the onset of symptoms in a mouse model of mitochondrial myopathy (21) . Recently, in an early-onset partial COX-deficiency model (Surf1-KO mice), it was shown that bezafibrate induced expression of PPARa and PPARb/d, but also caused weight loss and hepatomegaly (43) . It increased genes involved in fatty acid oxidation but did not increase mtDNA content and mitochondrial respiratory chain activities in Surf1 2/2 mice (43). In a more recent report, in a late-onset mitochondrial myopathy mice, bezafibrate delayed the accumulation of COX-negative fibers and mtDNA deletions (44) . However, bezafibrate did not induce mitochondrial biogenesis in this model and produced marked hepatomegaly. The authors suggested that the adverse effects of hepatomegaly may mask beneficial effects of bezafibrate in mice. We also observed slight increase in liver weight, which is a known effect of PPAR stimulation in mice, but not in humans. Moreover, we found that R6/2 mice on standard diet have abnormal liver morphology, which is ameliorated by bezafibrate (Supplementary Material, Fig. S2) . We, however, did observe an increase in PGC-1a, NRFs, Tfam and numbers of mitochondria. This shows that strain differences affect the efficacy of bezafibrate in producing increases in PGC-1a and downstream genes, because in both our work discussed here and that of Wenz et al. (21, 25) , there were increases in PGC-1a.
We found widespread beneficial effects of bezafibrate on phenotype, survival and histopathologic features in brain, muscle and BAT of R6/2 mice. The increase in survival observed with the bezafibrate diet (20%) is comparable to the highest range of percent increases in survival seen in other therapeutic trials in mouse models of HD (45) . We showed that administration of creatine or triterpenoid compounds to N171-82Q mice increased survival by 19 or 21.9%, respectively, and that administration of coenzyme Q10 with remacemide or administration of mithramycin increased survival by 31.8 or 29.1% in R6/2 mice, respectively (46) (47) (48) (49) . Bezafibrate, therefore, improves the phenotype and survival of R6/2 mice in a comparable range to the best therapeutic interventions so far tested. Recently, administration of a PPARg agonist, thiazolidinedione, was shown to produce beneficial effects on weight loss, mhtt aggregates and global ubiquitination profiles in R6/2 mice (50). Earlier, it was shown in STHdhQ111 cells that PPARg activation by rosiglitazone prevents the mitochondrial dysfunction and oxidative stress that occurred when mutant striatal cells were challenged with pathological increases in calcium (51) .
We found that the improved phenotype, increased survival and the induction of the PGC-1a signaling pathway were accompanied by reduced neuropathologic features and a significant increase in mitochondrial density in striatum of R6/2 mice treated with bezafibrate. PGC-1a plays a critical role in mitochondrial biogenesis, and in studies of cortical, midbrain and cerebellar granule neurons, both PGC-1a and PGC-1b control mitochondrial density (52) . Overexpression of PGC-1b or PGC-1a, or activation of the latter by SIRT1, protects neurons from mutant htt-induced loss of mitochondria and cell death (52) . The SIRT1 activator, resveratrol, increases the activity of PGC-1a and improves mitochondrial activity as a consequence of its deacetylation of PGC-1a, which increases its effects on liver, fat and muscle metabolism (53). We recently showed that resveratrol treatment of the N171-82Q transgenic mice increased PGC-1a and reduced the apparent vacuolization in BAT and reduced glucose levels, but there were no beneficial effects in the striatum due to poor brain penetration (54) .
In disease-free neurons, the generation of ROS is a normal by-product of cellular respiration, mediated by mitochondria. Accumulation of ROS in neurons and subsequent oxidative stress is attenuated by free radical scavengers, such as glutathione and SOD1, preventing subsequent damage (6, 55) . There is evidence for oxidative damage in HD (reviewed in 35). Markers of oxidative damage, including heme oxygenase (an inducible isoform that occurs in response to oxidative stress), 3-nitrotyrosine (a marker for peroxynitrite-mediated protein nitration) and MDA (a marker for oxidative damage to lipids), are elevated in human HD striatum and cortex when compared with age-matched control brain specimens (56) . The extent and intensity of these markers mirror the dorsoventral pattern of progressive neuronal loss in the neostriatum, with increased immunoreactive expression in the dorsal striatum when compared with the less severely affected ventral striatum. Consistent with the immunohistochemical data, analysis of biochemical assays in HD patients show significant increases in MDA and 4-hydroxynonenal brain levels, almost 8-fold greater than in control subjects (57) .
PGC-1a plays a role in the suppression of oxidative stress and induces antioxidant enzymes, including copper/zinc SOD1, SOD2 and Gpx-1 (5). In concert with the increase in PGC-1a expression, we observed that the oxidative stress response genes such as HO-1, Nrf-2 and Gpx-1 also increase in the brains of R6/2 mice treated with bezafibrate. The levels of MDA measured by HPLC and MDA immunoreactivity in striatum were significantly reduced in R6/2 mice by bezafibrate treatment when compared with the control R6/2 mice. These observations provide strong evidence for amelioration of oxidative stress in R6/2 mice by upregulation of PGC-1a using bezafibrate. We recently showed that administration of triterpenoids, which activate the Nrf2/ARE transcriptional pathways, are neuroprotective in the N171-82Q transgenic mouse model of HD (49) .
We showed that PGC-1a is reduced in muscle from HD transgenic mice and in muscle biopsies and myoblasts from HD patients (10) . There was an impaired response to GPA treatment in the muscle and brains of NLS-N171-82Q HD mice. In wild-type mice, GPA treatment activated AMPK, which increased PGC-1a, NRF1 and Tfam, and this was accompanied by an increase in COX II/18s rRNA, consistent with mitochondrial biogenesis, increased mtDNA and increased numbers of mitochondria. This pathway, which leads to an increase in mitochondria in response to an energetic stress, was blocked in the NLS-N171-82Q HD mice (10, 11) . Bezafibrate treatment in R6/2 mice rescued the PGC-1a signaling pathway and restored the levels of downstream target genes involved in mitochondrial function, e.g. Cyt c, Tfam and ATP synthase. Bezafibrate also reversed the fibertype switching back to normal and restored the normal morphology of muscle, shape, numbers and arrangement of mitochondria along the Z-lines in the soleus muscle of R6/2 mice. PGC-1a is rapidly induced in response to cold exposure and regulates adaptive thermogenesis via uncoupling proteins (UCP-1), resulting in heat production in BAT. Significant hypothermia occurs in the N171-82Q, NLS-N171-82Q and R6/2 mouse models of HD (9) . Following cold exposure, increases in UCP-1 expression are impaired in HD mice (9, 11) , and ATP/ADP ratios and mitochondrial numbers are decreased, similar to the findings in PGC-1a KO mice (3, 4) . We observed an apparent vacuolization in the BAT of the R6/2 mice, caused by accumulation of neutral lipids, which was reduced by bezafibrate treatment.
The important role of PGC-1a in the regulation of mitochondrial function, together with the association of mitochondrial dysfunction with HD pathogenesis, implies that activation of PGC-1a may be useful in the treatment of HD. In the present work, we show that stimulation of PPAR-PGC-1a axis by bezafibrate produces widespread beneficial effects in brain and peripheral tissues of R6/2 model of HD. Bezafibrate is an attractive agent for clinical studies as it has been used in humans for more than 25 years and it is well-tolerated with few side effects. It is therefore particularly attractive for clinical trials in neurodegenerative diseases such as HD. In other work, we found that bezafibrate exerts beneficial effects in BACHD mice (58) , an FL mhtt transgenic mouse model of HD (Johri and Beal, unpublished data). Our study showing beneficial effects of bezafibrate in the R6/2 mouse model of HD provides strong evidence that bezafibrate may proved to be an effective neuroprotective agent for treatment of HD.
MATERIALS AND METHODS

Reagents
Bezafibrate, MDA (98% purity) and other chemicals were purchased from Sigma (St Louis, MO, USA). R6/2 mice were from Jackson Laboratory, Bar Harbor, ME, USA. Anti-calbindin was from Chemicon, Temecula, CA, USA; anti-MDA-modified protein was a gift from Dr Craig Thomas and anti-GFAP was from Dako, Denmark. The sequences of all the primers used in this study have been published elsewhere and/or are available on request (10, 11, 59) .
Animal treatment
All experiments were conducted within National Institutes of Health Guidelines for Animal Research and were approved by the Weill Cornell Medical College Animal Care and Use Committee. The animals were kept on a 12-h light/dark cycle, with food and water available ad libitum. Mice were fed standard diet containing 0.5% bezafibrate or standard diet (Purina-Mills, Richmond, IN, USA), starting right after weaning up to 3 months of age. This dose was based on the beneficial effects previously reported in a mouse model of mitochondrial myopathy, in which it produced marked beneficial effects, without significant toxicity (21) .
Real-time PCR
Total RNA was isolated from liquid nitrogen snap-frozen tissues using Trizol reagent, according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Genomic
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DNA was removed using RNase-free DNase (Ambion, Life Technologies, CA, USA) in RNA pellets resuspended in DEPC-treated water (Ambion, Life Technologies). Total RNA purity and integrity was confirmed by ND-1000 NanoDrop (NanoDrop Technologies, Thermo Fisher Scientific, DE, USA). Equal amounts of RNA were reverse-transcribed using the cDNA Synthesis Kit (Invitrogen, Life Technologies). Real-time RT-PCR was performed using the ABI prism 7900 HT sequence detection system (Applied Biosystems, Foster City, CA, USA). Expression of the gene b-Actin served as a control to normalize values. Relative expression was calculated using the DDCt method.
Phenotype testing
Experimenters were blind to the genotype during all testing, at least until the appearance of a robust phenotype in the mutants. We utilized a phenotype testing battery consisting of rotarod, grip strength and open field. On the rotarod (Economex, Columbus Instruments, Columbus, OH, USA), mice were tested over three consecutive days, in three 5 min trials, with an accelerating speed (from 0 to 40 rpm in 5 min) separated by a 30-min inter-trial interval. The latency to fall from the rod was recorded. Exploratory behavior was recorded in the open field (45 cm × 45 cm; height: 20 cm), for 10 min per day using a video tracking system (Ethovision 3.0, Noldus Technology, Attleborough, MA, USA) and averaged over 3 days. For the grip strength test, mice were held by the tail and placed on a wire-grill apparatus so that they grabbed the handle with both front paws and then gently pulled back until they released it. Each session consisted of five trials.
Immunohistochemistry
Mice intended for neuropathologic analysis were deeply anesthetized by intraperitoneal injection of sodium pentobarbital and perfused with 0.9% sodium chloride followed by 4% paraformaldehyde. Post-fixation, staining and processing of brain, muscle, BAT and liver samples were performed as described previously (10, 11, 49) .
Transmission electron microscopy
Transmission electron microscopy was performed using previously published methods (10) , except that for striatum the post-fixation was performed in 1% OsO 4 in 0.1 M buffer instead of 1% OsO 4 -1.5%K-ferricyanide (soleus) for 60 min at room temperature.
High-performance liquid chromatography
The HPLC determination of MDA was carried out by a method modified from a previous report (60) . The HPLC system consisted of a Waters 717plus autosampler, 515 isocratic pump and 470 scanning fluorescence detector (Waters, Milford, MA, USA). Pump flow rate was 1.0 ml/ min with mobile phase comprised of acetonitrile buffer (40:60, v/v). The buffer was 50 mM potassium monobasic phosphate (anhydrous) with an adjusted pH of 6.8 using 5 M potassium hydroxide. The fluorescence detector was set at an excitation wavelength of 515 nm and emission wavelength of 553 nm. The column was an ESA 150 × 3 mm C18 column with particle size 3 mm (ESA, Inc., Chelmsford, MA, USA) placed in a column warmer set to 308C. Peak heights were integrated by an ESA 501 chromatography data system (ESA, Inc.).
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